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ABSTRACT: In the event of seismic overloading, timber shear walls have normally been 

designed to yield by allowing inelastic distortion of the sheathing to timber frame nailed 

connections, thereby reducing the likelihood of brittle failure of timber chords or plywood 

sheathing. A new concept in shear wall design involves the use of slip-friction connectors 

in lieu of standard hold-down connectors. Slip-friction connectors, originally developed 

for the steel framing industry, rely on the mobilization of friction across steel plates to 

resist loading up to a predetermined threshold. Upon this threshold being exceeded, 

relative sliding between the steel plates allows the shear wall to displace in an inelastic 

manner- but with minimal material yielding of nails or timber. Thus post-earthquake 

residual damage in the shear wall is expected to be significantly mitigated. This paper 

discusses the results of the numerical investigation of two types of timber shear wall with 

slip-friction connectors, standard and Midply. Results from a preliminary numerical 

analyses carried out by the authors are presented. The advantages of the shear wall 

incorporating slip-friction connectors are highlighted. 

1 INTRODUCTION 

Because of environmental concerns, the use of wood as a construction material has seen a significant 

increase in recent years, not only for domestic housing, but also for multi-storey buildings. 

Perhaps the main challenge to the design of multi-storey timber buildings is the provision of adequate 

lateral-force-resisting-systems that meet all serviceability and strength limit state criteria, while at the 

same time maximizing the amount of clear floor space.  

A recent innovation in lateral force resisting systems is the ‘Midply’ shear wall concept, in which 

structural sheathing is placed between two layers of timber framing. Midply walls have undergone 

thorough testing and have been shown to significantly outperform comparable standard wood walls 

over a range of important performance criteria (Varoglu, Karacabeyli et al., 2006). Midply walls have 

already begun to see use in timber buildings across North America. 

One way the performance of wood shear walls could be improved is to confine recoverable inelastic 

behaviour developed during an earthquake event to slotted-bolt slip friction connectors. To investigate 

the potential advantages of using slip friction connectors with wood shear walls, the authors carried 

out a preliminary numerical study comparing the behaviour of walls utilizing traditional hold-down 

connectors with walls utilizing slip friction connectors. This paper provides an outline of the results of 

this numerical investigation.  

2 DESCRIPTION OF SHEAR WALLS 

Standard wood shear walls consist of sheathing nailed to wood framing. Generally only one side of 

sheathing is structural. This is the case for the standard shear walls discussed in this paper. The 

framing members are oriented with the larger cross-sectional dimension perpendicular to the plane of 

sheathing. In both standard and Midply types, the wood shear walls rely on tension and compression in 
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the end studs combined with hold-down anchors to resist overturning moments, while the sheathing 

resists racking forces. 

With Midply walls, the structural sheathing is sandwiched between studs as shown in Figure 1(a). 

Unlike the case with standard shear walls, the larger cross-sectional dimension of the studs is oriented 

parallel to the plane of sheathing. The nail heads for Midply walls are thus separated from sheathing 

by the stud thickness. This prevents nails pulling through the sheathing during periods of high lateral 

loading, and also forces each nail to work in double shear when under load (Varoglu, Karacabeyli et 

al., 2006) as shown in Figure 1(b).  

 

Figure 1 (a)  Configuration of midply and standard walls, (b) Midply nails in double shear (Varoglu, Karacabeyli 
et al., 2006) 

3 NUMERICAL MODEL  

3.1 Materials and dimensions 

The behaviour of wood shear walls is largely governed by the behaviour of the sheathing to timber 

frame nailed connections (Judd and Fonseca, 2004). Thus it was decided to model the shear wall with 

elastic elements for framing and sheathing, while nonlinear elements were used for the sheathing to 

framing nail connections. The SAP2000 program was used to carry out the modelling. 

The Fast Nonlinear Analysis (FNA) method in SAP2000 was chosen over the much slower direct 

integration method. Although efficient in processing time FNA can only handle nonlinear behaviour in 

the nonlinear link elements. 

In order to replicate the features of the walls tested by Varoglu, Karacabeyli et al., (2006), unit wall 

dimensions were 2.44 m high by 2.44 m wide. Two vertically aligned elastic SHELL elements (2.44 m 

high x 1.2 m wide) were used to model the sheathing for a single wall. FRAME elements were used to 

model the timber framing members. Values for Young’s Modulus were as follows: 10 GPa for timber 

framing (89 x 38 mm Canadian Spruce pine-fir) and 10.5 GPa for sheathing (12.7 mm, or 10.5 mm 

thick oriented strand board). Canadian Spruce Pine sheathing used for the standard shear walls was 

assigned a thickness of 9.5 mm. A shear modulus of 525 MPa was used for all sheathing. 

Standard hold-down connectors were modelled by simply providing restraint against movement in all 

translational directions at the base of the end studs. Nonlinear elements were used to model hold-down 

connectors for those walls incorporating slip friction connectors, as explained in Section 3.4.  

Non-linear springs (multi-linear plastic link elements) were used to model the sheathing to framing 3 

mm diameter nailed connections. The multi-linear plastic link allows definition of a nonlinear load slip 

curve for shear deformation in two perpendicular directions. 

For monotonic tests, an average load-slip curve was obtained from experimental data obtained by 

Ekiert and Hong, 2006. For dynamic testing, experimentally obtained hysteretic parameters for the 

Foschi load-slip equation were used (Coyne, 2007). These parameters were used to define the 

backbone envelope to a hysteretic curve for a single nail under cyclic loading. Pivot points in the link 

element were adjusted to provide for ‘pinching’ behaviour in the nail connections.  
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One end of a single nail element was attached to sheathing, the other end attached to the corresponding 

location on the framing member. For Midply walls, two nail elements were used to model one nail 

acting in double shear.  

3.2  Model verification: static loading 

A Midply wall model is shown in Figure 2 below. A very stiff linear spring element was used to 

control displacement, and force in the actuator rod (or alternatively base shear) was recorded against 

displacement. 

 

Figure 2 Exploded view of Midply wall undergoing numerical static test 

The results of the static loading tests are compared with experimental data in Table 1. Wall code 

descriptors are those reported by Varoglu, Karacabeyli et al., (2006). Refer to their work for further 

details. Note that ultimate displacement refers to displacement at 0.8pmax, beyond pmax, the maximum 

load. 

Table 1.  Monotonic loading: Comparison between numerical and experimental results 

Wall 

Vertical 

load 

(kN/m) 

Load capacity |pmax| 

(kN/m) 

Displacement at pmax 

(mm) 

Ultimate displacement 

(mm) 

Exper. Numerical Exper. Numerical Exper. Numerical 

M26 None 22.3 25.7 107 109 >108 146 

M27 18.2 25.2 26.6 109 114 >115 148 

S31/51/2 18.2 8.8 10.1 52 78 105 126 

S37 None 8.7 8.8 54 68 88 92 

For all the walls, the load capacity for the numerical models closely matched those of their 

experimental counterparts. The largest discrepancy was 13 % for S31/51/52. For Midply wall 

displacements at pmax, the numerical results were within 2 % and 5 % for M26 and M27 respectively. 

However, for Midply ultimate displacement, the figures provided are minimum values – these figures 

correspond to the maximum displacement limits of the test rig. 

For standard walls, reasonable agreement between numerical and experimental results was obtained 

for ultimate displacement (maximum discrepancy of 17 %), however ultimate displacement values 

were over-predicted by the numerical model. Possible reasons for the discrepancy could be assuming 

nonlinearities only at the nail connections, and the non-availability of detailed information pertaining 

to actual loading conditions for these walls. 

However, the results show that the developed model is capable of reasonably reproducing the response 

of wood shear walls to static loading.  The validated model was further developed for earthquake 

loading. 
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3.3  Model verification: earthquake loading 

In order to reduce computer processing time, one nail element was used to represent six 3 mm 

diameter nails. The ordinates of the Foschi load-slip curve defining hysteretic behaviour, were then 

simply adjusted upwards by multiplying the original ordinates by the number of nails replaced.  

Varoglu, Karacabeyli et al., (2007) carried out a series of shake table tests on Midply walls. Models of 

two of these Midply walls were subjected to the same sequence of seismic loadings applied in actual 

testing. The Landers earthquake acceleration record at Joshua Tree Firehall in the E-W direction was 

one of two events used (Varoglu, Karacabeyli et al., 2007). This earthquake event was of magnitude 

Richter 7.3 with duration of 50 s and peak ground acceleration (PGA) of 0.284 g. As was the case with 

actual testing, three seismic loadings were defined with PGA scaled to 0.35 g, 0.52 g and 0.54 g 

respectively. These excitations were applied sequentially to the model walls. Thus the stresses 

remaining in the wall at the end of the previous loading were directly carried through to the following 

loading.  

Experimental and numerical results for Midply walls M48-02 and M50-02 (both walls with an 

additional mass of 4550 kg in the horizontal in-plane direction), are presented in Table 2. Refer 

Varoglu, Karacabeyli et al., (2007) for details of actual testing. Because the actual shake table testing 

scaled the earthquake events to the design ground motion for Vancouver, based on the 5% damped 

spectral ordinate at the fundamental period of the walls, the numerical model similarly adopted 5 % 

damping for all modes of vibration.  

Table 2. Earthquake loading: numerical results compared with experimental 

Test wall & PGA 
Vertical load 

(kN/m) 

Maximum base shear 

(kN/m) 

Maximum displacement at 

max base shear*  (mm) 

Experimental Numerical Experimental Numerical 

M48-02 (0.35g) None 13.1 13.8 11 10 

M48-02 (0.52g) None 23.5 20.2 37 16 

M48-02 (0.54g) None 22.3 21.4 43** 17 

M50-02 (0.35g) 11.1 16.0 15.1 9 9.2 

M50-02 (0.52g) 11.1 19.2 20.4 14 14.0 

M50-02 (0.54g) 11.1 22.2 21.2 16 14.8 

*  Displacement measured at top of wall    ** End stud tension failure 

The M50-02 numerical model returned a fundamental frequency of 4.43 Hz which was very close to 

the experimentally obtained average value of 4.29 Hz. For M48-02, the numerically obtained natural 

frequency was 4.24 Hz, however an experimental value was not available for comparison. 

For base shear, the numerical results all showed a close match with the experimental with 15.3 % 

maximum difference. For wall M50 the displacement at maximum base shear closely aligned with the 

experimental results. 

However for M48-02 there were significant discrepancies between actual and numerical values for 

displacement. The reason for this was explained by Varoglu, Karacabeyli et al., (2007). Base shear 

should normally increase with increasing PGA for the same tested shear wall. This is in fact the case 

for the numerical model of M48-02. However, for the experimental model of M48-02, base shear at 

0.52 g is actually larger than that at 0.54 g. This indicates possible damage occurring during the 0.52g 

PGA phase of loading. Given that end-stud tension failure was observed for this wall in the following 

0.54 g loading event, this is the likely explanation. However, damage to framing or sheathing would 

not have been made apparent by the numerical model, in which nonlinear behaviour is limited only to 

the sheathing to framing nail connections. 

For the numerical model recording the ultimate displacement would not have carried much meaning 
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because the load displacement curves largely remained elastic, or showed narrow elliptical loops 

throughout testing – as would have been expected since the drift at maximum base shear was mostly 

small and therefore recoverable. These results from dynamic testing provide some degree of 

confidence that the numerical model will be capable of capturing the response of an actual wall, when 

used for earthquake time-history analyses. 

3.4  Modelling the slotted-bolt slip-friction connector 

The principle of using the frictional sliding resistance between metal plates to provide a reliable 

loading threshold and efficient energy dissipation has been investigated by many researchers and is 

now seeing implementation in major projects in New Zealand (Butterworth, Clifton et al., 2008). 

Bora and Oliva et al., (2007) have applied slotted-bolt slip-friction hold-down connectors to pre-cast 

pre-stressed concrete wall panels enabling these inherently brittle structures to perform well under 

seismic test loads. By allowing uplift at the connectors to take place, the effective load on the structure 

is controlled. Thus damage that would require repair to the wall panels is prevented, and contact forces 

at the bottom corners of the rocking wall are reduced. 

Slip threshold is preset by simply adjusting tension in the bolts holding the connectors together, thus 

defining the normal force, and hence the slip threshold force between the plates. The middle plate, of 

the three plates which make up the connector, allows the bolts to move freely through slotted holes 

upon slippage being induced.  The configuration adopted by Bora et al., (2007) is shown in Figure 3. 

 

Figure 3 Slip-friction connector for precast wall. Modified from (Bora, Oliva et al., 2007) 

The configuration of the connectors for wood shear walls will bear similarity to that used by Bora et 

al. (2007) but the detailed configuration and method of attaching this connector to the end chords, has 

yet to be finalized and will not be discussed in this paper. 

However, the movement of a generic slotted bolt connector can still be readily modelled with the 

programme SAP2000, using a multi-linear plastic nonlinear link combined in parallel with a gap 

element. Their load-displacement relationships are shown in Figure 4. 

 

 

Figure 4 Gap element (with zero initial gap) and multi-linear plastic link 
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The gap element is set to provide zero stiffness in the case of upwards movement, but only allows 

minimal movement below the normal equilibrium position.  The multi-linear plastic element is set to a 

very high stiffness. This allows only a very small amount of movement prior to the predefined Fslip 

force being exceeded. Thus essentially zero vertical displacement happens prior to the threshold force, 

Fslip being attained. Once this threshold force is reached, sliding between the plates of the connector 

takes place.  

4 TIME HISTORY ANALYSES  

A time history analysis was carried out on two-storey shear walls, Midply and standard. Two 

earthquake events were used: Landers event scaled to 0.54 g, as explained in Section 3.3, and the 

North-South component of the Kobe earthquake, recorded in 1995 at the Kobe Observatory of the 

Japan Meteorological Agency. The PGA of this earthquake was 0.83 g.  This was scaled to 0.67 g 

PGA. This scaling is consistent with that adopted by North American researchers in recent shake table 

testing of Midply walls (Varoglu, Karacabeyli et al., 2007).  

Stud spacings of 610 mm were used for both wall types. Nail elements were spaced at centres of 600 

mm along the length of studs (one nail replacing six 3 mm diameter nails at actual 100 mm spacings). 

End studs were continuous over the two storeys. Storey height was 2.44 m and wall width was 2.44 m. 

Thus the full height of the wall was just below 5 m.  

An inertial mass of 2250 kg was assigned at the first storey level and at the roof level. Walls were 

restrained against horizontal movement at the base. The only resistance against movement in the 

vertical direction, aside from the weight of the structure itself, was provided either by the slip-friction 

connectors or a pinned restraint for those walls without slip friction connectors. The model assumes 

unrestricted slip amplitudes (unlimited slot lengths). 

Acceleration loadings for the first 60 s of the scaled Landers event, and first 30 s for the scaled Kobe 

event were applied in the direction of the plane of the wall. Load Dependant Ritz Vectors were 

specified for modal analysis. Viscous damping of 0.05 was assigned to all modes of vibration. 

Some results from this analysis are discussed below: 

Figure 5 clearly shows base shear linearly increasing with slip threshold of the slip friction connector. 

 

Figure 5 Base shear (per unit length of wall) vs slip threshold (walls with zero imposed loading) 

In the case of the Midply walls this trend would be expected to continue up to a maximum base shear 

of between 20 and 30 kN/m. In the case of the standard wall, the trend would be expected to continue 

up to a maximum base shear of approximately 12 kN/m.  

Figure 6, below, shows the influence of slip connector threshold on peak displacement values. In 

general, displacements trend downwards with increasing slip threshold. 
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Peak displacement (at top of wall) vs Slip threshold
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Figure 6 Peak displacement (at top of wall) vs Slip threshold (walls with zero imposed loading) 

Standard walls, for the same threshold value and same earthquake event, clearly show significantly 

higher levels of displacement over Midply walls. In the case of the Kobe event, displacements shown 

for both standard and Midply walls clearly would exceed most maximum acceptable levels of drift 

(generally maximum of 2.5% of building height). However, in actual practice, walls would have drift 

amounts limited by slot lengths, and appropriately specified slip thresholds.  

An important performance criterion of the proposed wall system is the ability to re-centre. In Figure 7 

it is clear that an imposed load of modest magnitude (1.5 kN) at the top of the wall and at mid-height 

can cause significant reductions in post-earthquake residual displacement. 

 

Figure 7 Effect of imposed loading on residual displacements 

While the displacements remaining post-Kobe-event are high, limiting slot lengths (not considered in 

this study), and thereby ultimate drift would naturally reduce residual displacement. It should be noted 

that in cases where slot lengths are limited, the size and duration of the force peaks resulting from the 

bolts impacting the slot ends needs to be considered, and slip thresholds and nail connections designed 

accordingly. 

For the Landers event, in the case of Midply walls, displacement values were reduced to insignificant 

amounts. This is a result of the relatively high stiffness of the Midply wall compared with the standard 

wall, as well as perhaps the nature of the Landers earthquake record itself. Testing of Midply walls has 

shown the Landers event to be significantly less destructive than the Kobe event, even when both 

events were scaled to similar levels of PGA (Varoglu, Karacabeyli et al., 2007).  

Figure 8 shows the elasto-plastic behaviour at the bottom corner of a wall with a slip-friction 

connector. 

Slip friction connector: Force vs slip
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Figure 8 Elasto-plastic behaviour of slip friction connector due to seismic loads 
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The near perfect elasto-plastic behaviour at the slip-friction connector translates to the overall 

displacement time-history behaviour and hysteretic behaviour of the wall system itself.  

Figure 9 shows the displacement-time history of a Midply wall with traditional connectors compared 

with one with slip-friction connectors. 

 

Figure 9 Displacement time-history of Midply wall with (a) traditional connector and (b) slip friction connectors. 
Displacement is at top of wall. 

The Midply wall with slip-friction connectors displays a more steady and controlled movement with 

fewer oscillations about the equilibrium position.  

Figure 10 compares the behaviour of a standard wall (left) with traditional hold-downs to that of its 

counterpart with slip-friction connectors (right).  

 

Figure 10 Hysteretic behaviour of standard wall with (a) traditional connector and (b) slip friction connectors. 
Displacement is at top of wall. 

Clearly the slip friction connector places a ceiling on base shear as well as significantly increasing the 

energy dissipation potential of the wall system.    

Although, in Figure 10, maximum displacement is greater for the wall with slip-friction connectors, 

actual displacements would be controlled and decreased by a combination of increasing the slip 

threshold of the connectors, limiting the slot lengths and taking into account actual imposed loading on 

the wall. 

5 CONCLUSION 

Wood shear walls of various configurations were numerically modelled with nonlinear behaviour 

confined to nonlinear links representing the sheathing to framing nailed connections, and slip-friction 

connectors. The predictive value of the model was found to be reasonable, showing overall close 

alignment with results obtained from experimental work. 

A two-storey version of these shear walls was subjected to earthquake displacement histories. The 

results suggest that slip-friction connectors have the ability to (1) afford protection against high 



9 

material stresses developing in the wood structure itself, (2) efficiently dissipate seismic energy, and 

(3) re-centre under moderate vertical loading. 

Incorporating slip-friction connectors into wood shear walls, holds the possibility of increasing the 

design strength of these walls above those of traditional walls of similar framing and sheathing 

configurations. This is because the slip-friction connector allows the yield strength of the wall to be 

predicted to a much higher degree of accuracy than for a traditional wall - which relies on inelastic 

deformation of the nail connections to provide ductility and dissipate energy during a severe 

earthquake. Incorporating slip-friction connectors thus allows for a possible reduction in over-strength 

requirements, and hence higher wall design strengths. 

The scope of this study is limited in scope and part of an ongoing Master of Engineering research 

project at the University of Auckland. Further analytical and experimental work is required before 

much significance can be attached to the findings presented within this paper.  
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